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Ultralight dark matter (ULDM)

Light fields (Goldstone bosons) feature in many models.

 

Cosmology: field initially displaced from minimum of the potential (before/during inflation)
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Cosmology: field initially displaced from minimum of the potential 

Starts to oscillate when               .
When                , correct equation of state for dark matter. 

t ∼ 1/m
t ≫ 1/m
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Ultralight dark matter (ULDM)
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Contribution to energy density today:    
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Contribution to energy density today:    

Ultralight dark matter (ULDM)

Ωm ≈ 0.3 ( m
10−21 eV )
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e.g. Hui et al, 1610.08297 
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e.g. Hui et al, 1610.08297 

Could string theory produce such states?

Svrceck & Witten, hep-th/0605206
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Cosmology: field initially displaced from minimum of the potential 

Starts to oscillate when               .
When                , correct equation of state for dark matter. 
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Contribution to energy density today:    

Ultralight dark matter (ULDM)

Ωm ≈ 0.3 ( m
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2

e.g. Hui et al, 1610.08297 

Could string theory produce many such states?

Arvanitaki et al, 0905.4720



On scales smaller than the de Broglie wavelength, ULDM is different than massive particle DM.
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On scales smaller than the de Broglie wavelength, ULDM is different than massive particle DM.
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Figure 1: Constraints on the scalar DM mass m and fraction F of the total DM density in scalar

DM obtained from Lyman-↵ forest data; the two di↵erent areas indicate 2 and 3 � confidence levels.

These results have been obtained for the reference combination of data sets described in [16], with a

physically motivated weak prior on the thermal evolution of the intergalactic medium. The regime of

m < 10�22 eV has been extrapolated.

DM fraction becomes small, as we will shortly see, hence the quantum pressure is also expected to

be negligible there. If the quantum pressure at the nonlinear level is actually non-negligible, then

it should lead to further suppression of structure formation; hence the bounds we present for the

scalar DM parameters can be considered as conservative.

Following [16] we vary only �8 (the normalization of the matter power spectrum) and the slope

of the matter power ne↵ , at the scale of Lyman-↵ forest (0.005 s/km). Five di↵erent values are

considered in the hydrodynamical simulations for both �8 (in the range of [0.754, 0.904]) and ne↵ (in

the range of [�2.3474, �2.2674]). These parameters just described are our cosmological parameters.

There have been several studies in the past (e.g. [18, 27, 28]), that have shown that the Lyman-↵

forest is really measuring the amplitude of the linear matter power spectrum, the slope of the power

spectrum, and possibly the e↵ective running, all evaluated at a pivot scale of around 1-10 Mpc/h.

Thus �8 and ne↵ used are good tracers of what is actually measured. Given that all our modelling

in simulations kept ⌦mh
2 fixed, �8 can be directly translated into the amplitude of linear matter

power at the pivot scale (similarly to how ne↵ was used). As pointed by [18], these matter power

amplitude parameters are equivalent. The linear matter power only weakly depends on ⌦mh
2, and

moreover, the e↵ects of ⌦m and H0 on the linear matter power are already captured in the tracers

of the amplitude (�8) and slope (ne↵). Therefore the constraints are not sensitive to the value of

⌦m nor H0.

4

Ωm

Ωm,obs

Kobayashi et al 1708.00015 (Ly-alpha)

See also:
Hlozek, Marsh, Grin 1708.05681 (CMB)
Lague et al, 2104.07802 (CMB+LSS)
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In deriving these expressions, we made use of Eqs. (29)
and (30). Both expressions give the accretion time longer
than the age of the universe for MW’s SMBH with MBH %
4.3 ! 106 M$ and m! 5 ! 10#20 eV. Our Newtonian

analysis, addressing stationary ULDM soliton solutions,
is adequate in this case. For galaxies with a more massive
SMBH, e.g., M31 with MBH " 108 M$ [68], Eq. (B16)
implies that absorption of the ULDM field into the SMBH
becomes important already for m" 6 ! 10#21 eV, and our
stationary Newtonian analysis is not expected to capture
the physics correctly for such values of m. Finally, for the
reference value of m # 10#22 eV, our analysis should be
valid as long as MBH ! 1010 M$.

[1] W. Hu, R. Barkana, and A. Gruzinov, Cold and Fuzzy Dark
Matter, Phys. Rev. Lett. 85, 1158 (2000).

[2] A. Arbey, J. Lesgourgues, and P. Salati, Quintessential
haloes around galaxies, Phys. Rev. D 64, 123528 (2001).

[3] J. Lesgourgues, A. Arbey, and P. Salati, A light scalar field
at the origin of galaxy rotation curves, New Astron. Rev. 46,
791 (2002).

[4] P.-H. Chavanis, Mass-radius relation of Newtonian self-
gravitating Bose-Einstein condensates with short-range
interactions: I. Analytical results, Phys. Rev. D 84,
043531 (2011).

[5] P. H. Chavanis and L. Delfini, Mass-radius relation of
Newtonian self-gravitating Bose-Einstein condensates with
short-range interactions: II. Numerical results, Phys. Rev. D
84, 043532 (2011).

[6] H.-Y. Schive, T. Chiueh, and T. Broadhurst, Cosmic
structure as the quantum interference of a coherent dark
wave, Nat. Phys. 10, 496 (2014).

[7] H.-Y. Schive, M.-H. Liao, T.-P. Woo, S.-K. Wong, T.
Chiueh, T. Broadhurst, and W. Y. P. Hwang, Understanding
the Core-Halo Relation of QuantumWave Dark Matter from
3D Simulations, Phys. Rev. Lett. 113, 261302 (2014).

[8] D. J. E. Marsh and A.-R. Pop, Axion dark matter, solitons
and the cusp-core problem, Mon. Not. R. Astron. Soc. 451,
2479 (2015).

[9] S.-R. Chen, H.-Y. Schive, and T. Chiueh, Jeans analysis for
Dwarf Spheroidal Galaxies in wave dark matter, Mon. Not.
R. Astron. Soc. 468, 1338 (2017).

[10] B. Schwabe, J. C. Niemeyer, and J. F. Engels, Simulations
of solitonic core mergers in ultralight axion dark matter
cosmologies, Phys. Rev. D 94, 043513 (2016).

[11] J. Veltmaat and J. C. Niemeyer, Cosmological particle-in-
cell simulations with ultralight axion dark matter, Phys. Rev.
D 94, 123523 (2016).

[12] L. Hui, J. P. Ostriker, S. Tremaine, and E. Witten, Ultralight
scalars as cosmological dark matter, Phys. Rev. D 95,
043541 (2017).

[13] P. Mocz, M. Vogelsberger, V. H. Robles, J. Zavala, M.
Boylan-Kolchin, A. Fialkov, and L. Hernquist, Galaxy
formation with BECDM: I. Turbulence and relaxation of
idealized haloes, Mon. Not. R. Astron. Soc. 471, 4559
(2017).

[14] P. Svrcek and E. Witten, Axions in string theory, J. High
Energy Phys. 06 (2006) 051.

[15] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, String axiverse, Phys. Rev. D 81,
123530 (2010).

[16] D. J. E. Marsh, Axion cosmology, Phys. Rep. 643, 1 (2016).
[17] A. Del Popolo and M. Le Delliou, Small scale problems of

the !CDM model: A short review, Galaxies 5, 17 (2017).
[18] B. Bozek, D. J. E. Marsh, J. Silk, and R. F. G. Wyse, Galaxy

UV-luminosity function and reionization constraints on
axion dark matter, Mon. Not. R. Astron. Soc. 450, 209
(2015).

[19] E. Armengaud, N. Palanque-Delabrouille, D. J. E. Marsh, J.
Baur, and C. Yche, Constraining the mass of light bosonic
dark matter using SDSS Lyman-# forest, Mon. Not. R.
Astron. Soc. 471, 4606 (2017).

[20] V. Ir!i!, M. Viel, M. G. Haehnelt, J. S. Bolton, and G. D.
Becker, First Constraints on Fuzzy Dark Matter from
Lyman-# Forest Data and Hydrodynamical Simulations,
Phys. Rev. Lett. 119, 031302 (2017).

[21] J. Zhang, J.-L. Kuo, H. Liu, Y.-L. S. Tsai, K. Cheung, and
M.-C. Chu, Is fuzzy dark matter in tension with Lyman-
alpha forest?, Astrophys. J. 863, 73 (2018).

[22] T. Kobayashi, R. Murgia, A. De Simone, V. Ir!i!, and M.
Viel, Lyman-alpha constraints on ultralight scalar dark
matter: Implications for the early and late universe, Phys.
Rev. D 96, 123514 (2017).

[23] E. Calabrese and D. N. Spergel, Ultra-light dark matter in
ultra-faint dwarf galaxies, Mon. Not. R. Astron. Soc. 460,
4397 (2016).

[24] A. X. Gonzáles-Morales, D. J. E. Marsh, J. Peñarrubia, and
L. Ureña López, Unbiased constraints on ultralight axion
mass from dwarf spheroidal galaxies, Mon. Not. R. Astron.
Soc. 472, 1346 (2017).

[25] V. H. Robles and T. Matos, Flat central density profile and
constant DM surface density in galaxies from scalar field
dark matter, Mon. Not. R. Astron. Soc. 422, 282 (2012).

[26] T. Bernal, L. M. Fernández-Hernández, T. Matos, and M. A.
Rodrguez-Meza, Rotation curves of high-resolution LSB
and SPARC galaxies in wave (fuzzy) and multistate (ultra-
light boson) scalar field dark matter, Mon. Not. R. Astron.
Soc. 475, 1447 (2018).

GALACTIC ROTATION CURVES VERSUS ULTRALIGHT … PHYS. REV. D 98, 083027 (2018)

083027-21

On scales smaller than the de Broglie wavelength, ULDM is “fuzzy”

v2 ∼
GM
R

λdB ∼
2π
mv

R ∼ λdB MR ≲
4π2

Gm2

( M
3 × 109 M⊙ ) ( R

1 kpc ) ≲ ( 10−22 eV
m )

2

Fornax

Leo II
Draco

Ursa Minor



On scales smaller than the de Broglie wavelength, ULDM is “fuzzy”

Fornax

Leo II
Draco

Ursa Minor

!"!1 " 1.5 ! 1018
!

m
10#22 eV

"#3

!
!

MBH

4 ! 106 M$

"#2! Mh

1012 M$

"#1
yr: !B16"

In deriving these expressions, we made use of Eqs. (29)
and (30). Both expressions give the accretion time longer
than the age of the universe for MW’s SMBH with MBH %
4.3 ! 106 M$ and m! 5 ! 10#20 eV. Our Newtonian

analysis, addressing stationary ULDM soliton solutions,
is adequate in this case. For galaxies with a more massive
SMBH, e.g., M31 with MBH " 108 M$ [68], Eq. (B16)
implies that absorption of the ULDM field into the SMBH
becomes important already for m" 6 ! 10#21 eV, and our
stationary Newtonian analysis is not expected to capture
the physics correctly for such values of m. Finally, for the
reference value of m # 10#22 eV, our analysis should be
valid as long as MBH ! 1010 M$.

[1] W. Hu, R. Barkana, and A. Gruzinov, Cold and Fuzzy Dark
Matter, Phys. Rev. Lett. 85, 1158 (2000).

[2] A. Arbey, J. Lesgourgues, and P. Salati, Quintessential
haloes around galaxies, Phys. Rev. D 64, 123528 (2001).

[3] J. Lesgourgues, A. Arbey, and P. Salati, A light scalar field
at the origin of galaxy rotation curves, New Astron. Rev. 46,
791 (2002).

[4] P.-H. Chavanis, Mass-radius relation of Newtonian self-
gravitating Bose-Einstein condensates with short-range
interactions: I. Analytical results, Phys. Rev. D 84,
043531 (2011).

[5] P. H. Chavanis and L. Delfini, Mass-radius relation of
Newtonian self-gravitating Bose-Einstein condensates with
short-range interactions: II. Numerical results, Phys. Rev. D
84, 043532 (2011).

[6] H.-Y. Schive, T. Chiueh, and T. Broadhurst, Cosmic
structure as the quantum interference of a coherent dark
wave, Nat. Phys. 10, 496 (2014).

[7] H.-Y. Schive, M.-H. Liao, T.-P. Woo, S.-K. Wong, T.
Chiueh, T. Broadhurst, and W. Y. P. Hwang, Understanding
the Core-Halo Relation of QuantumWave Dark Matter from
3D Simulations, Phys. Rev. Lett. 113, 261302 (2014).

[8] D. J. E. Marsh and A.-R. Pop, Axion dark matter, solitons
and the cusp-core problem, Mon. Not. R. Astron. Soc. 451,
2479 (2015).

[9] S.-R. Chen, H.-Y. Schive, and T. Chiueh, Jeans analysis for
Dwarf Spheroidal Galaxies in wave dark matter, Mon. Not.
R. Astron. Soc. 468, 1338 (2017).

[10] B. Schwabe, J. C. Niemeyer, and J. F. Engels, Simulations
of solitonic core mergers in ultralight axion dark matter
cosmologies, Phys. Rev. D 94, 043513 (2016).

[11] J. Veltmaat and J. C. Niemeyer, Cosmological particle-in-
cell simulations with ultralight axion dark matter, Phys. Rev.
D 94, 123523 (2016).

[12] L. Hui, J. P. Ostriker, S. Tremaine, and E. Witten, Ultralight
scalars as cosmological dark matter, Phys. Rev. D 95,
043541 (2017).

[13] P. Mocz, M. Vogelsberger, V. H. Robles, J. Zavala, M.
Boylan-Kolchin, A. Fialkov, and L. Hernquist, Galaxy
formation with BECDM: I. Turbulence and relaxation of
idealized haloes, Mon. Not. R. Astron. Soc. 471, 4559
(2017).

[14] P. Svrcek and E. Witten, Axions in string theory, J. High
Energy Phys. 06 (2006) 051.

[15] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, String axiverse, Phys. Rev. D 81,
123530 (2010).

[16] D. J. E. Marsh, Axion cosmology, Phys. Rep. 643, 1 (2016).
[17] A. Del Popolo and M. Le Delliou, Small scale problems of

the !CDM model: A short review, Galaxies 5, 17 (2017).
[18] B. Bozek, D. J. E. Marsh, J. Silk, and R. F. G. Wyse, Galaxy

UV-luminosity function and reionization constraints on
axion dark matter, Mon. Not. R. Astron. Soc. 450, 209
(2015).

[19] E. Armengaud, N. Palanque-Delabrouille, D. J. E. Marsh, J.
Baur, and C. Yche, Constraining the mass of light bosonic
dark matter using SDSS Lyman-# forest, Mon. Not. R.
Astron. Soc. 471, 4606 (2017).

[20] V. Ir!i!, M. Viel, M. G. Haehnelt, J. S. Bolton, and G. D.
Becker, First Constraints on Fuzzy Dark Matter from
Lyman-# Forest Data and Hydrodynamical Simulations,
Phys. Rev. Lett. 119, 031302 (2017).

[21] J. Zhang, J.-L. Kuo, H. Liu, Y.-L. S. Tsai, K. Cheung, and
M.-C. Chu, Is fuzzy dark matter in tension with Lyman-
alpha forest?, Astrophys. J. 863, 73 (2018).

[22] T. Kobayashi, R. Murgia, A. De Simone, V. Ir!i!, and M.
Viel, Lyman-alpha constraints on ultralight scalar dark
matter: Implications for the early and late universe, Phys.
Rev. D 96, 123514 (2017).

[23] E. Calabrese and D. N. Spergel, Ultra-light dark matter in
ultra-faint dwarf galaxies, Mon. Not. R. Astron. Soc. 460,
4397 (2016).

[24] A. X. Gonzáles-Morales, D. J. E. Marsh, J. Peñarrubia, and
L. Ureña López, Unbiased constraints on ultralight axion
mass from dwarf spheroidal galaxies, Mon. Not. R. Astron.
Soc. 472, 1346 (2017).

[25] V. H. Robles and T. Matos, Flat central density profile and
constant DM surface density in galaxies from scalar field
dark matter, Mon. Not. R. Astron. Soc. 422, 282 (2012).

[26] T. Bernal, L. M. Fernández-Hernández, T. Matos, and M. A.
Rodrguez-Meza, Rotation curves of high-resolution LSB
and SPARC galaxies in wave (fuzzy) and multistate (ultra-
light boson) scalar field dark matter, Mon. Not. R. Astron.
Soc. 475, 1447 (2018).

GALACTIC ROTATION CURVES VERSUS ULTRALIGHT … PHYS. REV. D 98, 083027 (2018)

083027-21

It was suggested that Milky Way dwarf satellite galaxies 
may point to m ∼ 10−22 eV
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Nonrelativistic limit
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4564 P. Mocz et al.

Figure 1. Volume rendering of the density field in one of our simulations of the formation of a virialized BECDM halo through multiple mergers. We merge
isolated soliton cores (t = 0) until a single bound halo forms, which is characterized by a stable soliton core at the centre of the halo and quantum fluctuations
throughout the domain. The volume rendering shows isocontours of density differing by factors of 10. Insets show projected density in log-space. The bottom
panel shows the time evolution of the total energy E, potential energy W, classical kinetic energy Kv and quantum gradient energy K! in the simulation.
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any given time are the exact solution for the given initial
conditions.

The smoothing radius ⇠ must be chosen to provide a
su�ciently smooth interpolation of the particle density.
We used ⇠ = 8�x where �x is the cell width at the
most refined level. We checked that increasing the radius
further does not systematically lead to di↵erent results.
However, the core mass in Fig. 6 can di↵er by up to 30%
owing to the approximations in the employed boundary
conditions.

Particles inside the Schrödinger domain are evolved
further but do not contribute to the density field that
sources gravity. Instead, the density of the Schrödinger
field | |2 acts as a source of gravity in this region.

A. Simulation Setup

We generate initial conditions with Music [45] us-
ing a transfer function for FDM generated by Axion-
CAMB [18]. All our simulations have a side length of
2.5 Mpc/h. We choose H0 = 70 km/s/Mpc, ⌦⇤ = 0.75,
⌦m = ⌦FDM = 0.25 and m22 = m/(10�22 eV) = 2.5.
Starting from redshift z = 60 we sample phase space
with ⇠ 2.8⇥ 108 particles.

Employing the Poisson solver implemented in Enzo,
the initial particle phases Si are computed by solving

r · v = a
�1r2

S (8)

and interpolating from the grid to the particle positions.
Here, v is the velocity field generated by Music.

On top of the root grid with 5123 cells, two nested
static refinement levels with a side length of roughly
a quarter of the total domain are centered on the La-
grangian patch of a previously chosen halo. Three addi-
tional refinement levels with side lengths of 0.0625 Mpc/h
trace the position of the halo’s maximum density. Using
a refinement factor of two between levels, we resolve the
finest one with a cell width of 150 pc/h. In order to de-
termine the halo’s Lagrangian patch and the position of
its maximum density over time, we run low resolution
standard N-body simulations.

To minimize computational cost, the SP solver is ap-
plied only after a redshift of z ⇡ 7, where the particles
are still in the single stream regime and the gradient en-
ergy of  is negligible. At this redshift, the classical
wave function is constructed at the most refined level
and serves as an initial condition for the SP solver. Like
for the smoothing radii, initializing at earlier times has
no systematic e↵ects but produces statistical scattering
of the resulting core mass of 30%.

In total we have simulated seven halos with a mass
range between 8 ⇥ 108 M� and 7 ⇥ 1010 M�. For com-
parisons with standard CDM dynamics, we have rerun
five of these simulations with only the N-body solver us-
ing identical grid resolution and level setup.

z = 1.07
2.5 Mpc/h

9 kpc/h

FIG. 1. Volume rendering of a typical simulation. The large
box shows the N-body density in the full simulation domain,
the inlay shows the density of the Schrödinger field in the
central region of the indicated halo. The density thresholds
in the inlay are set to 0.75, 0.05 and 0.01 times the maximum
density.

III. RESULTS

For this work, we only consider halos that evolve with-
out major mergers. These are more abundant in FDM
cosmologies relative to CDM, owing to the low-mass cut-
o↵ in the initial power spectrum. Figure 1 shows a typical
snapshot of our simulations.

A. Averaged properties

Radial density profiles centered around the maximum
density of four representative halos are compared with
results from pure N-body runs in Fig. 2. Here, the virial
mass of a halo is the mass enclosed by the virial radius,
rvir, defined as the radius where the enclosed mean den-
sity is equal to ⇣(a)⇢̄ with [46]

⇣(a)⌦m(a) = 18⇡2 + 82 (⌦m(a)� 1)� 39 (⌦m(a)� 1)2 .

(9)

Taking radial density profiles already involves smoothing
the density by averaging over spherical shells. Conse-
quently, the granular structure of FDM halos which devi-
ates strongly from the smooth CDM density field on small
scales, is not visible apart from a small region around the
solitonic core. The radially averaged core profile agrees
well with previous results [6, 34, 36]. Among the five
halos in our sample that were rerun with a pure N-body
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FIG. 2. (a) Time to Bose star formation in the cases of Gaus-
sian ( ) and �-peaked ( ) initial distributions. The �-graphs
are shifted downwards (⌧gr ! ⌧gr/10) for visualization pur-
poses. Lines depict fits by Eq. (4). (b) The same for isolated
miniclusters. (c), (d) Slices z̃ = const of the solution | ̃(t̃, x̃)|
describing formation of a Bose star in the center of a mini-
cluster; Ñ = 290, L̃ ⇡ 63.

that apart from the Coulomb logarithm ⇤ involves only
local parameters i.e. the boson number density n and
characteristic velocity v. So, up to weak logarithmic de-
pendence on the size L formation of the Bose star can be
regarded as a local process, with periodic box represent-
ing a central part of some DM halo. We will confirm this
intuition below.

We performed simulations of the gas with Gaussian
initial distribution at di↵erent L̃ and ñ. Our results for
⌧gr (circles in Fig. 2a) cover two orders of magnitude, but
they are nevertheless well fitted by Eq. (4) with v = v0

and b ⇡ 0.9 (upper line in Fig. 2a). To confirm that
Eq. (4) is universal, we repeated the calculations for the
initial �-distribution, | p|2 / �(|p| � mv0) (squares in
Fig. 2a). The new vales of ⌧gr are still described by
Eq. (4), albeit with slightly di↵erent coe�cient b ⇡ 0.6.
We conclude that Eq. (4) is a practical and justified ex-
pression for the time of Bose star formation.

5. Kinetics. Let us show that evolution of F (t, !) in
Fig. 1e is indeed governed by the Landau kinetic equa-
tion [21] for the homogeneous isotropic Coulomb ensem-
ble,

@tF̃ = ⌧
�1
0 @!̃

h
Ã@!̃F̃ + (B̃F̃ � Ã)F̃ /2!̃

i
, (5)

see Supplementary material S1.4 for derivation. Here
the scattering integral in the right-hand side in-
volves Ã(!̃) =

R1
0 d!̃1 min3/2(!̃, !̃1)F̃ 2(!̃1)/(3!̃1!̃

1/2),

B̃(!̃) =
R !̃
0 d!̃1F̃ (!̃1), it is explicitly proportional to the

inverse relaxation time ⌧�1
0 = 8⇡3

n
2
G

2(⇤ + a)/mv
6
0 ⇠

⌧
�1
gr . Notably, Eq. (5) is valid in the leading logarithmic
approximation ⇤ � 1 which is too rough for our numer-
ical solutions with ⇤ ⇠ 5. To get a quantitative compar-
ison, we added an unknown correction a = O(1) to ⇤.

We numerically evolve Eq. (5) starting from the same
initial distribution as in Fig. 1. In Fig. 1f the solution
F (t, !) (circles) is compared to the microscopic distribu-
tion (3) (dashed line) at t ⇡ ⌧gr, where a ⇡ 5 is obtained
from the fit. We observe agreement in the kinetic region
!̃ � 2⇡2

/L̃
2 which confirms Eq. (5) at t < ⌧gr.

Note that unlike in the case of short-range interac-
tions [22] thermalization in Landau equation does not
proceed via power-law turbulent cascades [21], and we
do not observe them in Figs. 1e,f. Nevertheless, we think
that Eq. (5) provides the basis for analytic description of
gravitational Bose-Einstein condensation.

6. Miniclusters. So far we assumed that homoge-
neous ensemble in the box correctly describes central
parts of DM halos. Now, we study the isolated ha-
los/miniclusters themselves and verify this assumption.
Recall that in large volume nonrelativistic gas forms
clumps at scales R & 2⇡/kJ due to Jeans instabil-
ity, where k

2
J = 2⇡Gnm

2h!�1i and the average is com-
puted with F (!). Starting numerical evolution from the
homogeneous ensemble with �-distributed momenta at
L > 2⇡/kJ , we indeed observe formation of a virialized
minicluster in Fig. 2c. With time it remains stationary
until the Bose star appears in its center, see Fig. 2d and
movie [18]. Thus, formation of Bose stars is not specific
to finite boxes.

We checked that our kinetic expression for ⌧gr works
for the virialized miniclusters. To this end we gener-
ated many di↵erent miniclusters, computed their central
densities n and virial velocities hv2i = �2h!i/m using
the ! < 0 part of the distribution F (!), estimated their
radii R. In Fig. 2b we plot the times of Bose star for-
mation in the miniclusters versus these parameters and
⇤ = log(mvR) (points). The numerical data are well ap-
proximated by Eq. (4) with b ⇡ 0.7 (line) although the
statistical fluctuations are now larger due to limited con-
trol over momentum distribution inside the miniclusters.

Estimating the virial velocity v
2 ⇠ 4⇡GmnR

2
/3 in the

halo of radiusR, one recasts Eq. (4) in the intuitively sim-
ple form ⌧gr ⇠ 0.047 (R/v) (Rmv)3/⇤, where the numer-
ical factor is computed. Remarkably, ⌧gr equals to the
free-fall time R/v multiplied by the cube of kinetic con-
stant Rmv � 1 in Eq. (1). In non-kinetic case Rmv ⇠ 1
the Bose stars form immediately [12, 13, 15].

7. Bose star growth. After nucleation the Bose stars
start to acquire particles from the ensemble. Due to com-
putational limitations we are able to observe only the
first decade of their mass increase that proceeds accord-
ing to the heuristic law Ms(t) ' cv0(t/⌧gr � 1)1/2/Gm

with c = 3± 0.7. The ratio t/⌧gr in this expression sug-

Levkov et al 2018

Schive et al 2014

∇2Φ = 4πG |ψ |2

i∂tψ = −
1

2m
∇2ψ + mΦψ



 
Inner part of simulated galaxies forms a core
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Figure 1. Volume rendering of the density field in one of our simulations of the formation of a virialized BECDM halo through multiple mergers. We merge
isolated soliton cores (t = 0) until a single bound halo forms, which is characterized by a stable soliton core at the centre of the halo and quantum fluctuations
throughout the domain. The volume rendering shows isocontours of density differing by factors of 10. Insets show projected density in log-space. The bottom
panel shows the time evolution of the total energy E, potential energy W, classical kinetic energy Kv and quantum gradient energy K! in the simulation.
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any given time are the exact solution for the given initial
conditions.

The smoothing radius ⇠ must be chosen to provide a
su�ciently smooth interpolation of the particle density.
We used ⇠ = 8�x where �x is the cell width at the
most refined level. We checked that increasing the radius
further does not systematically lead to di↵erent results.
However, the core mass in Fig. 6 can di↵er by up to 30%
owing to the approximations in the employed boundary
conditions.

Particles inside the Schrödinger domain are evolved
further but do not contribute to the density field that
sources gravity. Instead, the density of the Schrödinger
field | |2 acts as a source of gravity in this region.

A. Simulation Setup

We generate initial conditions with Music [45] us-
ing a transfer function for FDM generated by Axion-
CAMB [18]. All our simulations have a side length of
2.5 Mpc/h. We choose H0 = 70 km/s/Mpc, ⌦⇤ = 0.75,
⌦m = ⌦FDM = 0.25 and m22 = m/(10�22 eV) = 2.5.
Starting from redshift z = 60 we sample phase space
with ⇠ 2.8⇥ 108 particles.

Employing the Poisson solver implemented in Enzo,
the initial particle phases Si are computed by solving

r · v = a
�1r2

S (8)

and interpolating from the grid to the particle positions.
Here, v is the velocity field generated by Music.

On top of the root grid with 5123 cells, two nested
static refinement levels with a side length of roughly
a quarter of the total domain are centered on the La-
grangian patch of a previously chosen halo. Three addi-
tional refinement levels with side lengths of 0.0625 Mpc/h
trace the position of the halo’s maximum density. Using
a refinement factor of two between levels, we resolve the
finest one with a cell width of 150 pc/h. In order to de-
termine the halo’s Lagrangian patch and the position of
its maximum density over time, we run low resolution
standard N-body simulations.

To minimize computational cost, the SP solver is ap-
plied only after a redshift of z ⇡ 7, where the particles
are still in the single stream regime and the gradient en-
ergy of  is negligible. At this redshift, the classical
wave function is constructed at the most refined level
and serves as an initial condition for the SP solver. Like
for the smoothing radii, initializing at earlier times has
no systematic e↵ects but produces statistical scattering
of the resulting core mass of 30%.

In total we have simulated seven halos with a mass
range between 8 ⇥ 108 M� and 7 ⇥ 1010 M�. For com-
parisons with standard CDM dynamics, we have rerun
five of these simulations with only the N-body solver us-
ing identical grid resolution and level setup.

z = 1.07
2.5 Mpc/h

9 kpc/h

FIG. 1. Volume rendering of a typical simulation. The large
box shows the N-body density in the full simulation domain,
the inlay shows the density of the Schrödinger field in the
central region of the indicated halo. The density thresholds
in the inlay are set to 0.75, 0.05 and 0.01 times the maximum
density.

III. RESULTS

For this work, we only consider halos that evolve with-
out major mergers. These are more abundant in FDM
cosmologies relative to CDM, owing to the low-mass cut-
o↵ in the initial power spectrum. Figure 1 shows a typical
snapshot of our simulations.

A. Averaged properties

Radial density profiles centered around the maximum
density of four representative halos are compared with
results from pure N-body runs in Fig. 2. Here, the virial
mass of a halo is the mass enclosed by the virial radius,
rvir, defined as the radius where the enclosed mean den-
sity is equal to ⇣(a)⇢̄ with [46]

⇣(a)⌦m(a) = 18⇡2 + 82 (⌦m(a)� 1)� 39 (⌦m(a)� 1)2 .

(9)

Taking radial density profiles already involves smoothing
the density by averaging over spherical shells. Conse-
quently, the granular structure of FDM halos which devi-
ates strongly from the smooth CDM density field on small
scales, is not visible apart from a small region around the
solitonic core. The radially averaged core profile agrees
well with previous results [6, 34, 36]. Among the five
halos in our sample that were rerun with a pure N-body
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FIG. 2. (a) Time to Bose star formation in the cases of Gaus-
sian ( ) and �-peaked ( ) initial distributions. The �-graphs
are shifted downwards (⌧gr ! ⌧gr/10) for visualization pur-
poses. Lines depict fits by Eq. (4). (b) The same for isolated
miniclusters. (c), (d) Slices z̃ = const of the solution | ̃(t̃, x̃)|
describing formation of a Bose star in the center of a mini-
cluster; Ñ = 290, L̃ ⇡ 63.

that apart from the Coulomb logarithm ⇤ involves only
local parameters i.e. the boson number density n and
characteristic velocity v. So, up to weak logarithmic de-
pendence on the size L formation of the Bose star can be
regarded as a local process, with periodic box represent-
ing a central part of some DM halo. We will confirm this
intuition below.

We performed simulations of the gas with Gaussian
initial distribution at di↵erent L̃ and ñ. Our results for
⌧gr (circles in Fig. 2a) cover two orders of magnitude, but
they are nevertheless well fitted by Eq. (4) with v = v0

and b ⇡ 0.9 (upper line in Fig. 2a). To confirm that
Eq. (4) is universal, we repeated the calculations for the
initial �-distribution, | p|2 / �(|p| � mv0) (squares in
Fig. 2a). The new vales of ⌧gr are still described by
Eq. (4), albeit with slightly di↵erent coe�cient b ⇡ 0.6.
We conclude that Eq. (4) is a practical and justified ex-
pression for the time of Bose star formation.

5. Kinetics. Let us show that evolution of F (t, !) in
Fig. 1e is indeed governed by the Landau kinetic equa-
tion [21] for the homogeneous isotropic Coulomb ensem-
ble,

@tF̃ = ⌧
�1
0 @!̃

h
Ã@!̃F̃ + (B̃F̃ � Ã)F̃ /2!̃

i
, (5)

see Supplementary material S1.4 for derivation. Here
the scattering integral in the right-hand side in-
volves Ã(!̃) =

R1
0 d!̃1 min3/2(!̃, !̃1)F̃ 2(!̃1)/(3!̃1!̃

1/2),

B̃(!̃) =
R !̃
0 d!̃1F̃ (!̃1), it is explicitly proportional to the

inverse relaxation time ⌧�1
0 = 8⇡3

n
2
G

2(⇤ + a)/mv
6
0 ⇠

⌧
�1
gr . Notably, Eq. (5) is valid in the leading logarithmic
approximation ⇤ � 1 which is too rough for our numer-
ical solutions with ⇤ ⇠ 5. To get a quantitative compar-
ison, we added an unknown correction a = O(1) to ⇤.

We numerically evolve Eq. (5) starting from the same
initial distribution as in Fig. 1. In Fig. 1f the solution
F (t, !) (circles) is compared to the microscopic distribu-
tion (3) (dashed line) at t ⇡ ⌧gr, where a ⇡ 5 is obtained
from the fit. We observe agreement in the kinetic region
!̃ � 2⇡2

/L̃
2 which confirms Eq. (5) at t < ⌧gr.

Note that unlike in the case of short-range interac-
tions [22] thermalization in Landau equation does not
proceed via power-law turbulent cascades [21], and we
do not observe them in Figs. 1e,f. Nevertheless, we think
that Eq. (5) provides the basis for analytic description of
gravitational Bose-Einstein condensation.

6. Miniclusters. So far we assumed that homoge-
neous ensemble in the box correctly describes central
parts of DM halos. Now, we study the isolated ha-
los/miniclusters themselves and verify this assumption.
Recall that in large volume nonrelativistic gas forms
clumps at scales R & 2⇡/kJ due to Jeans instabil-
ity, where k

2
J = 2⇡Gnm

2h!�1i and the average is com-
puted with F (!). Starting numerical evolution from the
homogeneous ensemble with �-distributed momenta at
L > 2⇡/kJ , we indeed observe formation of a virialized
minicluster in Fig. 2c. With time it remains stationary
until the Bose star appears in its center, see Fig. 2d and
movie [18]. Thus, formation of Bose stars is not specific
to finite boxes.

We checked that our kinetic expression for ⌧gr works
for the virialized miniclusters. To this end we gener-
ated many di↵erent miniclusters, computed their central
densities n and virial velocities hv2i = �2h!i/m using
the ! < 0 part of the distribution F (!), estimated their
radii R. In Fig. 2b we plot the times of Bose star for-
mation in the miniclusters versus these parameters and
⇤ = log(mvR) (points). The numerical data are well ap-
proximated by Eq. (4) with b ⇡ 0.7 (line) although the
statistical fluctuations are now larger due to limited con-
trol over momentum distribution inside the miniclusters.

Estimating the virial velocity v
2 ⇠ 4⇡GmnR

2
/3 in the

halo of radiusR, one recasts Eq. (4) in the intuitively sim-
ple form ⌧gr ⇠ 0.047 (R/v) (Rmv)3/⇤, where the numer-
ical factor is computed. Remarkably, ⌧gr equals to the
free-fall time R/v multiplied by the cube of kinetic con-
stant Rmv � 1 in Eq. (1). In non-kinetic case Rmv ⇠ 1
the Bose stars form immediately [12, 13, 15].

7. Bose star growth. After nucleation the Bose stars
start to acquire particles from the ensemble. Due to com-
putational limitations we are able to observe only the
first decade of their mass increase that proceeds accord-
ing to the heuristic law Ms(t) ' cv0(t/⌧gr � 1)1/2/Gm

with c = 3± 0.7. The ratio t/⌧gr in this expression sug-
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Schive et al 2014

∇2Φ = 4πG |ψ |2

i∂tψ = −
1
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Numerical simulations find the ground state.

∇2Φ = 4πG |ψ |2
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Coherent ground state:   ψ(x, t) = (
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4π ) e−iγmtχ(r)
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|ψ |2

∇2Φ = 4πG |ψ |2

i∂tψ = −
1

2m
∇2ψ + mΦψ

∂2
r (rΦ) = rχ2

∂2
r (rχ) = 2r (Φ − γ) χ

Coherent ground state:   ψ(x, t) = (
mMpl

4π ) e−iγmtχ(r)

i∂tψ(x) = − ( 1
2m

∇2 + Gm∫ d3y
|ψ(y) |2

|x − y | ) ψ(x)

Numerical simulations find the ground state.

This is reminiscent of BEC:
Gross-Pitaevskii with nonlocal interaction:
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FIG. 2. (a) Time to Bose star formation in the cases of Gaus-
sian ( ) and �-peaked ( ) initial distributions. The �-graphs
are shifted downwards (⌧gr ! ⌧gr/10) for visualization pur-
poses. Lines depict fits by Eq. (4). (b) The same for isolated
miniclusters. (c), (d) Slices z̃ = const of the solution | ̃(t̃, x̃)|
describing formation of a Bose star in the center of a mini-
cluster; Ñ = 290, L̃ ⇡ 63.

that apart from the Coulomb logarithm ⇤ involves only
local parameters i.e. the boson number density n and
characteristic velocity v. So, up to weak logarithmic de-
pendence on the size L formation of the Bose star can be
regarded as a local process, with periodic box represent-
ing a central part of some DM halo. We will confirm this
intuition below.

We performed simulations of the gas with Gaussian
initial distribution at di↵erent L̃ and ñ. Our results for
⌧gr (circles in Fig. 2a) cover two orders of magnitude, but
they are nevertheless well fitted by Eq. (4) with v = v0

and b ⇡ 0.9 (upper line in Fig. 2a). To confirm that
Eq. (4) is universal, we repeated the calculations for the
initial �-distribution, | p|2 / �(|p| � mv0) (squares in
Fig. 2a). The new vales of ⌧gr are still described by
Eq. (4), albeit with slightly di↵erent coe�cient b ⇡ 0.6.
We conclude that Eq. (4) is a practical and justified ex-
pression for the time of Bose star formation.

5. Kinetics. Let us show that evolution of F (t, !) in
Fig. 1e is indeed governed by the Landau kinetic equa-
tion [21] for the homogeneous isotropic Coulomb ensem-
ble,

@tF̃ = ⌧
�1
0 @!̃

h
Ã@!̃F̃ + (B̃F̃ � Ã)F̃ /2!̃

i
, (5)

see Supplementary material S1.4 for derivation. Here
the scattering integral in the right-hand side in-
volves Ã(!̃) =

R1
0 d!̃1 min3/2(!̃, !̃1)F̃ 2(!̃1)/(3!̃1!̃

1/2),

B̃(!̃) =
R !̃
0 d!̃1F̃ (!̃1), it is explicitly proportional to the

inverse relaxation time ⌧�1
0 = 8⇡3

n
2
G

2(⇤ + a)/mv
6
0 ⇠

⌧
�1
gr . Notably, Eq. (5) is valid in the leading logarithmic
approximation ⇤ � 1 which is too rough for our numer-
ical solutions with ⇤ ⇠ 5. To get a quantitative compar-
ison, we added an unknown correction a = O(1) to ⇤.

We numerically evolve Eq. (5) starting from the same
initial distribution as in Fig. 1. In Fig. 1f the solution
F (t, !) (circles) is compared to the microscopic distribu-
tion (3) (dashed line) at t ⇡ ⌧gr, where a ⇡ 5 is obtained
from the fit. We observe agreement in the kinetic region
!̃ � 2⇡2

/L̃
2 which confirms Eq. (5) at t < ⌧gr.

Note that unlike in the case of short-range interac-
tions [22] thermalization in Landau equation does not
proceed via power-law turbulent cascades [21], and we
do not observe them in Figs. 1e,f. Nevertheless, we think
that Eq. (5) provides the basis for analytic description of
gravitational Bose-Einstein condensation.

6. Miniclusters. So far we assumed that homoge-
neous ensemble in the box correctly describes central
parts of DM halos. Now, we study the isolated ha-
los/miniclusters themselves and verify this assumption.
Recall that in large volume nonrelativistic gas forms
clumps at scales R & 2⇡/kJ due to Jeans instabil-
ity, where k

2
J = 2⇡Gnm

2h!�1i and the average is com-
puted with F (!). Starting numerical evolution from the
homogeneous ensemble with �-distributed momenta at
L > 2⇡/kJ , we indeed observe formation of a virialized
minicluster in Fig. 2c. With time it remains stationary
until the Bose star appears in its center, see Fig. 2d and
movie [18]. Thus, formation of Bose stars is not specific
to finite boxes.

We checked that our kinetic expression for ⌧gr works
for the virialized miniclusters. To this end we gener-
ated many di↵erent miniclusters, computed their central
densities n and virial velocities hv2i = �2h!i/m using
the ! < 0 part of the distribution F (!), estimated their
radii R. In Fig. 2b we plot the times of Bose star for-
mation in the miniclusters versus these parameters and
⇤ = log(mvR) (points). The numerical data are well ap-
proximated by Eq. (4) with b ⇡ 0.7 (line) although the
statistical fluctuations are now larger due to limited con-
trol over momentum distribution inside the miniclusters.

Estimating the virial velocity v
2 ⇠ 4⇡GmnR

2
/3 in the

halo of radiusR, one recasts Eq. (4) in the intuitively sim-
ple form ⌧gr ⇠ 0.047 (R/v) (Rmv)3/⇤, where the numer-
ical factor is computed. Remarkably, ⌧gr equals to the
free-fall time R/v multiplied by the cube of kinetic con-
stant Rmv � 1 in Eq. (1). In non-kinetic case Rmv ⇠ 1
the Bose stars form immediately [12, 13, 15].

7. Bose star growth. After nucleation the Bose stars
start to acquire particles from the ensemble. Due to com-
putational limitations we are able to observe only the
first decade of their mass increase that proceeds accord-
ing to the heuristic law Ms(t) ' cv0(t/⌧gr � 1)1/2/Gm

with c = 3± 0.7. The ratio t/⌧gr in this expression sug-

Dynamical relaxation is fast enough for .m ≲ 10−21 eV

K
M core

=
K
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Figure 5. Soliton mass upper bound derived from eq. (5.3), where �2 is the velocity dispersion in
the dynamically relaxed mass of an Mh = 1012 M� NFW halo, given ⌧U (blue) or 0.1 ⌧U (red) to
relax. The width of the shaded bands comes from varying the halo morphology as in figure 4.

the soliton determined by eq. (5.3) is approximately independent of the time available for
relaxation. In this regime the upper bound prescribed by eq. (5.3) approximately coincides
with eq. (4.2).

Finally, note that eq. (5.1) and the corresponding dynamical relaxation bottleneck apply
to the kinetic regime R � 1/(m�). These considerations may significantly over-estimate
the actual time scale for soliton formation, if the initial conditions admit small velocity
dispersion, as would be the case in cosmological halos that decouple from the Hubble flow
before virialisation [40].

6 Summary

Measurements of the mass and dynamical environment of SMBH are becoming increasingly
precise. Two SMBHs where precision measurements have become available are Sgr A*
(MBH ⇠ 4 ⇥ 106 M�, via stellar orbits) and M87* (MBH ⇠ 6 ⇥ 109 M�, via BH shadow
imaging and stellar velocity dispersion). The SMBH measurements provide clean probes of
the mass distribution in the region where the BH dominates the dynamics.

We study the implications of the SMBH measurements for ULDM. Analytical arguments
and numerical simulations predict that ULDM should form dense cores (“solitons”) in the
centre of galactic halos. We present a search for the gravitational imprint of an ULDM soliton
with mass Msol on the orbit of the star S2. We also consider constraints from the observations
of a stellar disk. We find no evidence for Msol > 0 and use the data to derive constraints in
the (m,Msol) plain, where m is the ULDM particle mass (see figure 2). We then use stellar

– 13 –

τ ∼
2

12π3

m3σ6

G2ρ2 ln Λ

Bar, et al 1805.00122, 1903.03402
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region and concluded that the density profile in this re-
gion should follow approximately ⇢ ⇠ x

� 5
3 , steeper than

the usual inner NFW form ⇢ ⇠ x
�1. This would a↵ect

the detailed shape of the rotation curve in the interme-
diate region between the two peaks, but not our general
results.

Eq. (49) was derived for an NFW host halo, but it is
the manifestation of the empirical Eq. (35) that is not
tied to a particular parametrisation of the host halo pro-
file. Building on Eq. (35), we expect in general that for
DM-dominated galaxies, the soliton peak circular veloc-
ity should roughly equal the peak circular velocity in the
host halo. The NFW example demonstrates that details
of the host halo profile a↵ect this result at the 10% level
or so.

In the rest of this paper, when we refer to Eq. (49),
we set the RHS to unity. Approximating the RHS of
Eq. (49) by unity, and replacing maxVcirc,h instead of
maxVcirc,� in Eq. (29), the peak circular velocity of a
host halo allows to predict the scale parameter � and
thus the soliton relevant for that host halo.

A. Comparison to numerical simulations

In Fig. 4 we compare our results to two soliton+halo
configurations from the simulations of [9] and [29] (for [9],
we take the largest halo, and for [29] we take the ini-
tial state of Case C). To calculate the soliton, we read
maxVcirc,h from the large-scale peak (at x ⇠ 20 kpc)
of the numerically extracted halo rotation curves (solid
lines), use it instead of maxVcirc,� in Eq. (29), and read
o↵ the value of �. The predicted soliton bump is shown
in dashed lines. It gives the correct soliton peak rotation
velocity to ⇠ 20% accuracy in both cases, consistent with
the factor of . 2 spread shown in [10] for Eq. (32) across
di↵erent simulations.

0.5 1 5 10 50 100
x [kpc]

20

40

60
80
100
Vcirc [km/s]

Schive (2014)

Chan (2017)

FIG. 4. Comparison of the prediction of Eq. (49) (dashed
lines) to the numerical simulation results (solid lines) of
Refs. [9] (Schive 2014) and [29] (Chan 2017).

B. Comparison to real galaxies

We now consider some observational consequences of
our analysis. We choose to do so by examining the rota-
tion curves of nearby dwarf galaxies with halo masses in
the range ⇠ 109 to a few 1010 M�, within the range cov-
ered by the simulations of [9, 10] and above the minimal
mass of an ULDM halo with m � 10�22 eV.
In Fig. 5 we show the rotation curves of four dwarf

galaxies taken from Ref. [24] (see Ref. [25] for a recent
rendering of these and many other rotation curves), for
which high-resolution kinematical data is available. The
observed rotation curves are compared to the soliton con-
tribution predicted by Eq. (49), for m = 10�21

, 10�22

and 2 ⇥ 10�23 eV. Eq. (49) overestimates the rotation
velocity in the inner part of all of the galaxies in Fig. 5.
We emphasize that in using Eq. (49) to predict the soli-

ton, we set the RHS of that equation to unity, and thus
we ignore any details of the shape of the host halo. As
we have learned from the NFW analysis, this prescrip-
tion for deriving the soliton profile would su↵er O(10%)
corrections from the detailed halo shape, but it relieves
us from the need to fit for the virial mass or any other
detail of the host halo. All that is needed is the peak
halo rotation velocity, a directly observable quantity6.
Eq. (49) represents the central value of the soliton–

host halo relation Eq. (35). Ref. [9, 10] showed a scatter
of about a factor of two in their Eq. (34) between simu-
lated halos. This translates to a factor of two scatter in
the soliton � parameter, derived through our procedure.
It is therefore important to check, if natural scatter be-
tween di↵erent galaxies could explain the discrepancy,
with the four galaxies in Fig. 5 being accidental outliers.
In App. A we address this question, by analysing the en-
tire SPARC data base [25] of 175 rotation curves. As we
show, the large majority of galaxies from [25] show strong
tension, and a factor of two scatter between di↵erent ha-
los is not enough to resolve the discrepancy highlighted
by the smaller sample of galaxies in Fig. 5.
The discrepancy remains large, and would be di�cult

to attribute to the scatter seen in the simulations. We
conclude that if the soliton-host halo relation of [9, 10]
is correct, then ULDM in the mass range m ⇠ 10�22 to
m ⇠ 10�21 is ruled out.
For lower particle mass, m . 10�23 eV, the soliton

contribution extends over much of the velocity profile of
the dwarf galaxies under discussion, leaving little room
for a host halo. This limit, where the galaxies are en-
tirely composed of a single giant soliton, was considered
in other works. We do not pursue it further, one reason
being that this range of small m is in significant tension
with Ly-↵ data [15, 16].

6
The rotation curves in Fig. 5 do not show a clear peak within

the range of the measurement; this means that our soliton bump,

derived from the peak velocity actually seen in the data, under-

estimates the true predicted soliton and is thus conservative.

Rotation curves from simulations:

Core — halo relation

K
M core

=
K
M halo



Core — halo relation

K
M core

=
K
M halo



(Estimated) radially-averaged mass profile of the Milky Way
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Massive cold dark matter:  

thought to affect outer part of rotation curve
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Figure 3. Intensity profiles of the observed H I. Left-hand figure: vertical
intensity profile, averaged over the inner 100 arcsec in the radial direction and
normalized to the peak intensity. Right-hand figure: radial intensity profile,
averaged over the inner 40 arcsec of the galaxy in the vertical direction.
Black line: data, Green squares: best-fitting model, Red diamonds (blue
triangles): best-fitting model with a scaleheight !2 arcsec (+4 arcsec) (see
Section 4). Blue dotted–dashed line: beam.

The H I in UGC 1281 shows significant extensions away from the
major axis. The H I extends up to 70 arcsec (1.8 kpc) on both sides
of the plane at column densities NH I = 4.0 " 1019 cm!2 (3! ). This
extent is much more than the FWHM of the beam (26 arcsec) which
is clearly seen in Fig. 3. This figure shows the vertical distribution
of the data (black solid line) and a Gaussian (blue dot–dashed line)
with an FWHM of 26 arcsec. Both are normalized to the maximum
of the data. In this figure it is easily observed that the wings of the
data are much more extended than the observational beam.

3.2 Velocity distribution

3.2.1 H" velocities

Fig. 4 shows the velocity field of the PPAK observations. This ve-
locity field was obtained by taking the peak position of the Gaussian
fitted to each bin (see Section 3.1.1). This is by no means equal to
the actual deprojected maximum rotational velocity in the galaxy
but it is an apparent mean velocity determined by a combination of
the rotational velocity, the density distribution of the ionized gas,

Figure 5. Velocities along the major axis. The left-hand panel shows the
H" velocities: black symbols are the PPAK data presented in this paper,
blue symbols are the data obtained by Kuzio de Naray et al. (2006). The
right-hand figure shows H I velocities: black symbols are the H I, the blue
line shows the velocities obtained from the model. The red lines are the input
unprojected rotation curves of the best-fitting models described in Section 4.
The arrows indicate the positions of the velocity cuts parallel to the minor
axis in Fig. 6.

and the opacity of the dust. From here on whenever we mention ve-
locity we are referring to this mean velocity unless otherwise noted.
The Gaussian fitting procedure, and therefore the mean velocity,
was chosen because with a channel separation of 70 km s!1 it is
impossible to confidently fit the intrinsic shape of the emission line.

Fig. 5 (left) shows a cut 10-arcsec wide of the velocity field along
the major axis. Overplotted are the velocities obtained by Kuzio de
Naray et al. (2006) with the DensePAK IFU (blue symbols) and the
rotation curve obtained from the modelling (see Section 4). Kuzio
de Naray et al. (2006) were not able to trace emission as far out in
radius with their observations. Since their exposure time and fibre
size is equal to ours this is most likely caused by the fact that they
do not bin the data and the lower sensitivity of the DensePak IFU.
The velocities obtained by Kuzio de Naray et al. (2006) agree well
with our values, which assures us that there are no systematic errors
in our reduction or the Gaussian fitting procedure.

In this plot we see clearly that the part of the galaxy observed in
our H" field of view is still resembling a slow rising rotation curve
that indicates solid body rotation. This behaviour of the rotation

Figure 4. Velocity field of the ionized gas. The field was constructed by taking the central position of the fitted Gaussian in all the binned spectra. The systemic
velocity (Vsys = 156 km s!1) has been set to 0. The separate pixels show the fibre positions and the colours run from !60 to 60 km s!1. The arrows indicate
the positions of the velocity cuts parallel to the minor axis in Fig. 6.
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Hydrogen gas in the dwarf galaxy UGC 1281 3447

Figure 2. Continuum image in the red from the DSS 2 overlaid with contours of our integrated H I flux map of UGC 1281 (see text). The black contours are
the same as in Fig. 1. The red contour indicates the 3! contour of the WHISP observations.

The first thing we see from Fig. 1 is that the ionized hydro-
gen is mostly located in five or six distinct peaks but that there
is low-level emission almost everywhere in the central field of
view. The distinct peaks can most likely be associated with large
H II regions in the galaxy whereas the low-level emission is in-
dicating a diffuse ionized component. The two innermost peaks
at the north-east (NE) and south-west (SW) sides of the centre
of the galaxy might be caused by a ring-like structure or central
depression in the distribution. This seems to be implied by their
equal distance from the centre; however, they could also be normal
H II regions.

A warp is clearly seen in the H II regions as well as the diffuse
emission. The peak of the emission starts to deviate from the major
axis at a radial distance of !50 arcsec (1.3 kpc). In the SW of the
galaxy we see an exception to this behaviour with a large ionized
hydrogen peak below the major axis, where the diffuse emission
still seems to be mostly on the major axis. This seems to indicate an
H II region that is either somewhat offset from the plane or located
on the outskirts of the galaxy. If the warp is partially along the line
of sight, the outer parts will not only experience a change in position
angle but also in inclination. Thus if this H II region is located on
the outskirts of the galaxy, its position can be in the (warped) plane
of the galaxy.

The H" distribution could, in theory, be severely affected by
internal dust extinction, especially in the edge-on orientation. How-
ever, in the case of UGC 1281 this seems unlikely because no
clear dust lane can be observed in the HST imaging of UGC 1281
(Bomans & Weis 2008) and dwarf galaxies are expected to have a
low metallicity (Pilyugin, Contini & Vı́lchez 2004) and therefore
little dust content. The reddish colour of UGC 1281 (Makarova &
Karachentsev 1998) is most likely caused by the absence of a large
young stellar population. This once more confirms the idea that
UGC 1281 has a low SFR.

In our data the maximum distance to the mid-plane where diffuse
gas is still detected is !25 arcsec (0.65 kpc). This is similar to
the extent of the stars [ 1

2 d25,minor = 18 arcsec, van Zee (2000);
1
2 d25,minor = 23 arcsec, de Vaucouleurs et al. (1992)]. If we fit an
exponential to the inner vertical intensity profile of the ionized gas
we find a scaleheight of 8.5 arcsec (0.22 ± 0.03 kpc) assuming that
the galaxy is seen perfectly edge-on. When we follow the same

procedure for the continuum emission in our spectra and an I-band
image1 we find a scaleheight of 7.6 arcsec (0.20 ± 0.01 kpc) and
8.0 arcsec (0.21 ± 0.01 kpc), respectively.

3.1.2 H I distribution

Fig. 2 shows the DSS 2 red image of UGC 1281 overlaid with the
contours of our integrated H I flux map. This H I map was con-
structed by adding all the channels of the Circular Beam data
cube. To keep the addition of noise to a minimum, only regions
that are above 3! in the low-resolution cube (see Table 2) were
considered.

From Fig. 2 we can see that the H I of UGC 1281 is at first glance
quite symmetrically and evenly distributed. However, a closer look
reveals asymmetries and peculiarities in the H I distribution. It warps
away from the major axis at about 90 arcsec (2.4 kpc) on the south-
west and at about 100 arcsec (2.6 kpc) on the north-east. The warp
initially shows the normal S-shape observed in many edge-on galax-
ies (Garcı́a-Ruiz, Sancisi & Kuijken 2002) but bends back to the
plane of the inner disc at larger radii. This behaviour is seen es-
pecially at the south-west side, at a radial offset of !200 arcsec.
This warp was already observed by Garcı́a-Ruiz et al. (2002) in the
WHISP observations of this galaxy (van der Hulst, van Albada &
Sancisi 2001).

When we compare the lowest contour in the integrated moment
map of the WHISP observations with our own (see Fig. 2, red
contour), we see that in our observations more emission is detected
in the radial as well as in the vertical direction. The growth in both
directions is similar in extent and this indicates that even with our
deep observations we might not be detecting the lowest levels of
emission of this galaxy.

Furthermore, the H I distribution displays a central depression.
This depression appears as a ring around the centre of the galaxy
and ranges from 10 to 40 arcsec (0.26–1.05 kpc) radial offset from
the centre of the galaxy. It appears to be symmetrical around the
centre of the galaxy.

1 Obtained through the NASA extragalactic data base.
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Figure 3. Intensity profiles of the observed H I. Left-hand figure: vertical
intensity profile, averaged over the inner 100 arcsec in the radial direction and
normalized to the peak intensity. Right-hand figure: radial intensity profile,
averaged over the inner 40 arcsec of the galaxy in the vertical direction.
Black line: data, Green squares: best-fitting model, Red diamonds (blue
triangles): best-fitting model with a scaleheight !2 arcsec (+4 arcsec) (see
Section 4). Blue dotted–dashed line: beam.

The H I in UGC 1281 shows significant extensions away from the
major axis. The H I extends up to 70 arcsec (1.8 kpc) on both sides
of the plane at column densities NH I = 4.0 " 1019 cm!2 (3! ). This
extent is much more than the FWHM of the beam (26 arcsec) which
is clearly seen in Fig. 3. This figure shows the vertical distribution
of the data (black solid line) and a Gaussian (blue dot–dashed line)
with an FWHM of 26 arcsec. Both are normalized to the maximum
of the data. In this figure it is easily observed that the wings of the
data are much more extended than the observational beam.

3.2 Velocity distribution

3.2.1 H" velocities

Fig. 4 shows the velocity field of the PPAK observations. This ve-
locity field was obtained by taking the peak position of the Gaussian
fitted to each bin (see Section 3.1.1). This is by no means equal to
the actual deprojected maximum rotational velocity in the galaxy
but it is an apparent mean velocity determined by a combination of
the rotational velocity, the density distribution of the ionized gas,

Figure 5. Velocities along the major axis. The left-hand panel shows the
H" velocities: black symbols are the PPAK data presented in this paper,
blue symbols are the data obtained by Kuzio de Naray et al. (2006). The
right-hand figure shows H I velocities: black symbols are the H I, the blue
line shows the velocities obtained from the model. The red lines are the input
unprojected rotation curves of the best-fitting models described in Section 4.
The arrows indicate the positions of the velocity cuts parallel to the minor
axis in Fig. 6.

and the opacity of the dust. From here on whenever we mention ve-
locity we are referring to this mean velocity unless otherwise noted.
The Gaussian fitting procedure, and therefore the mean velocity,
was chosen because with a channel separation of 70 km s!1 it is
impossible to confidently fit the intrinsic shape of the emission line.

Fig. 5 (left) shows a cut 10-arcsec wide of the velocity field along
the major axis. Overplotted are the velocities obtained by Kuzio de
Naray et al. (2006) with the DensePAK IFU (blue symbols) and the
rotation curve obtained from the modelling (see Section 4). Kuzio
de Naray et al. (2006) were not able to trace emission as far out in
radius with their observations. Since their exposure time and fibre
size is equal to ours this is most likely caused by the fact that they
do not bin the data and the lower sensitivity of the DensePak IFU.
The velocities obtained by Kuzio de Naray et al. (2006) agree well
with our values, which assures us that there are no systematic errors
in our reduction or the Gaussian fitting procedure.

In this plot we see clearly that the part of the galaxy observed in
our H" field of view is still resembling a slow rising rotation curve
that indicates solid body rotation. This behaviour of the rotation

Figure 4. Velocity field of the ionized gas. The field was constructed by taking the central position of the fitted Gaussian in all the binned spectra. The systemic
velocity (Vsys = 156 km s!1) has been set to 0. The separate pixels show the fibre positions and the colours run from !60 to 60 km s!1. The arrows indicate
the positions of the velocity cuts parallel to the minor axis in Fig. 6.
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Figure 2. Continuum image in the red from the DSS 2 overlaid with contours of our integrated H I flux map of UGC 1281 (see text). The black contours are
the same as in Fig. 1. The red contour indicates the 3! contour of the WHISP observations.

The first thing we see from Fig. 1 is that the ionized hydro-
gen is mostly located in five or six distinct peaks but that there
is low-level emission almost everywhere in the central field of
view. The distinct peaks can most likely be associated with large
H II regions in the galaxy whereas the low-level emission is in-
dicating a diffuse ionized component. The two innermost peaks
at the north-east (NE) and south-west (SW) sides of the centre
of the galaxy might be caused by a ring-like structure or central
depression in the distribution. This seems to be implied by their
equal distance from the centre; however, they could also be normal
H II regions.

A warp is clearly seen in the H II regions as well as the diffuse
emission. The peak of the emission starts to deviate from the major
axis at a radial distance of !50 arcsec (1.3 kpc). In the SW of the
galaxy we see an exception to this behaviour with a large ionized
hydrogen peak below the major axis, where the diffuse emission
still seems to be mostly on the major axis. This seems to indicate an
H II region that is either somewhat offset from the plane or located
on the outskirts of the galaxy. If the warp is partially along the line
of sight, the outer parts will not only experience a change in position
angle but also in inclination. Thus if this H II region is located on
the outskirts of the galaxy, its position can be in the (warped) plane
of the galaxy.

The H" distribution could, in theory, be severely affected by
internal dust extinction, especially in the edge-on orientation. How-
ever, in the case of UGC 1281 this seems unlikely because no
clear dust lane can be observed in the HST imaging of UGC 1281
(Bomans & Weis 2008) and dwarf galaxies are expected to have a
low metallicity (Pilyugin, Contini & Vı́lchez 2004) and therefore
little dust content. The reddish colour of UGC 1281 (Makarova &
Karachentsev 1998) is most likely caused by the absence of a large
young stellar population. This once more confirms the idea that
UGC 1281 has a low SFR.

In our data the maximum distance to the mid-plane where diffuse
gas is still detected is !25 arcsec (0.65 kpc). This is similar to
the extent of the stars [ 1

2 d25,minor = 18 arcsec, van Zee (2000);
1
2 d25,minor = 23 arcsec, de Vaucouleurs et al. (1992)]. If we fit an
exponential to the inner vertical intensity profile of the ionized gas
we find a scaleheight of 8.5 arcsec (0.22 ± 0.03 kpc) assuming that
the galaxy is seen perfectly edge-on. When we follow the same

procedure for the continuum emission in our spectra and an I-band
image1 we find a scaleheight of 7.6 arcsec (0.20 ± 0.01 kpc) and
8.0 arcsec (0.21 ± 0.01 kpc), respectively.

3.1.2 H I distribution

Fig. 2 shows the DSS 2 red image of UGC 1281 overlaid with the
contours of our integrated H I flux map. This H I map was con-
structed by adding all the channels of the Circular Beam data
cube. To keep the addition of noise to a minimum, only regions
that are above 3! in the low-resolution cube (see Table 2) were
considered.

From Fig. 2 we can see that the H I of UGC 1281 is at first glance
quite symmetrically and evenly distributed. However, a closer look
reveals asymmetries and peculiarities in the H I distribution. It warps
away from the major axis at about 90 arcsec (2.4 kpc) on the south-
west and at about 100 arcsec (2.6 kpc) on the north-east. The warp
initially shows the normal S-shape observed in many edge-on galax-
ies (Garcı́a-Ruiz, Sancisi & Kuijken 2002) but bends back to the
plane of the inner disc at larger radii. This behaviour is seen es-
pecially at the south-west side, at a radial offset of !200 arcsec.
This warp was already observed by Garcı́a-Ruiz et al. (2002) in the
WHISP observations of this galaxy (van der Hulst, van Albada &
Sancisi 2001).

When we compare the lowest contour in the integrated moment
map of the WHISP observations with our own (see Fig. 2, red
contour), we see that in our observations more emission is detected
in the radial as well as in the vertical direction. The growth in both
directions is similar in extent and this indicates that even with our
deep observations we might not be detecting the lowest levels of
emission of this galaxy.

Furthermore, the H I distribution displays a central depression.
This depression appears as a ring around the centre of the galaxy
and ranges from 10 to 40 arcsec (0.26–1.05 kpc) radial offset from
the centre of the galaxy. It appears to be symmetrical around the
centre of the galaxy.

1 Obtained through the NASA extragalactic data base.
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Figure 3. Binning scheme in M87 for the NIFS data only. Although this
particular frame does not have data for each bin, the dithered set fills all bins.
Data in the mirror bins around the major axis are added to the bins shown.

Figure 4. Spectra at three different radii. The top is from 0.!!08 < R < 0.!!18, the
middle is from 0.!!18 < R < 0.!!3, and the bottom is from R = 0.!!6. The black
line is the spectrum and the smooth red line is the best-fit template convolved
with the best-fit LOSVD. The dashed lines are those regions excluded from
the fit due to high sky contamination. The spectrum at the top, which comes
from the central region, is not used in the fit due to AGN contamination. The
velocity dispersion obtained from the fits shown in red, from top to bottom, is
480 km s"1, 480 km s"1, and 445 km s"1, and the S/N per pixel in each is 30,
63, and 91.
(A color version of this figure is available in the online journal.)

Figure 5. Velocity dispersion vs. radius for M87. The black points are the
NIFS data. The red points are the VIRUS-P data from Murphy et al. (2011),
and the blue points are from the SAURON data. The multiple points at each
radius represent the various position angles. The solid line is the best-fit model,
convolved to the appropriate PSF. For the dynamical model, we include the
predicted dispersion within 0.!!18.
(A color version of this figure is available in the online journal.)

The technique is described in Gebhardt et al. (2000a) and
Pinkney et al. (2003). The LOSVD is defined in 15 velocity
bins of 260 km s"1. There is a smoothing parameter applied to
the LOSVD, but given the high S/N for most of the spectra,
the smoothing has little effect on the extractions; thus, there is
only a modest correlation between adjacent velocity bins. We
use Monte Carlo simulations to determine the uncertainties in
the LOSVD. The S/N of each spectrum determines the noise to
be used in the Monte Carlo simulations; from 1000 realizations
of each spectrum, we generate an average LOSVD and the 68%
uncertainty.

The dynamical modeling uses the non-parametric LOSVD
directly. However, it is sometimes convenient to express the
LOSVD in a parameterized form as Gauss–Hermite moments,
to show the radial run of the kinematics, and to compare the data
with the models. Table 2 shows the first four Gauss–Hermite
moments for the NIFS data. Figure 5 plots the velocity disper-
sion versus radius, where the dispersion is measured from a
Gauss–Hermite fit to the LOSVDs. Figure 5 plots all of the data
at each radius, and there are between 1 and 10 angular bins at
each radii; thus, there are multiple points at nearly all radii in
the figure. There is no rotation seen at a significant level in the
NIFS data.

We input 107 LOSVDs in the dynamical models. These
LOSVDs come from 40 spatial bins from the NIFS data, 25 from
the SAURON data, and 42 from the large radial data of Murphy
et al. (2011). The data in Murphy et al. come from the IFU
VIRUS-P, where we have nearly complete angular coverage. The
S/N of those data is very high (50–100 per resolution element).
The solid line in Figure 5 plots the velocity dispersion from
the best-fit dynamical model. The model generates LOSVDs,
and their dispersions come from Gauss–Hermite fits to those
LOSVDs. For the dynamical model dispersions, we average
along angles at a given radius for clarity. In Figure 5, we plot
both the NIFS and VIRUS-P dispersions, which have different
PSFs. The model is convolved to each of the PSFs, and the
plotted dispersions include the convolution.
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Figure 3. Binning scheme in M87 for the NIFS data only. Although this
particular frame does not have data for each bin, the dithered set fills all bins.
Data in the mirror bins around the major axis are added to the bins shown.

Figure 4. Spectra at three different radii. The top is from 0.!!08 < R < 0.!!18, the
middle is from 0.!!18 < R < 0.!!3, and the bottom is from R = 0.!!6. The black
line is the spectrum and the smooth red line is the best-fit template convolved
with the best-fit LOSVD. The dashed lines are those regions excluded from
the fit due to high sky contamination. The spectrum at the top, which comes
from the central region, is not used in the fit due to AGN contamination. The
velocity dispersion obtained from the fits shown in red, from top to bottom, is
480 km s"1, 480 km s"1, and 445 km s"1, and the S/N per pixel in each is 30,
63, and 91.
(A color version of this figure is available in the online journal.)

Figure 5. Velocity dispersion vs. radius for M87. The black points are the
NIFS data. The red points are the VIRUS-P data from Murphy et al. (2011),
and the blue points are from the SAURON data. The multiple points at each
radius represent the various position angles. The solid line is the best-fit model,
convolved to the appropriate PSF. For the dynamical model, we include the
predicted dispersion within 0.!!18.
(A color version of this figure is available in the online journal.)

The technique is described in Gebhardt et al. (2000a) and
Pinkney et al. (2003). The LOSVD is defined in 15 velocity
bins of 260 km s"1. There is a smoothing parameter applied to
the LOSVD, but given the high S/N for most of the spectra,
the smoothing has little effect on the extractions; thus, there is
only a modest correlation between adjacent velocity bins. We
use Monte Carlo simulations to determine the uncertainties in
the LOSVD. The S/N of each spectrum determines the noise to
be used in the Monte Carlo simulations; from 1000 realizations
of each spectrum, we generate an average LOSVD and the 68%
uncertainty.

The dynamical modeling uses the non-parametric LOSVD
directly. However, it is sometimes convenient to express the
LOSVD in a parameterized form as Gauss–Hermite moments,
to show the radial run of the kinematics, and to compare the data
with the models. Table 2 shows the first four Gauss–Hermite
moments for the NIFS data. Figure 5 plots the velocity disper-
sion versus radius, where the dispersion is measured from a
Gauss–Hermite fit to the LOSVDs. Figure 5 plots all of the data
at each radius, and there are between 1 and 10 angular bins at
each radii; thus, there are multiple points at nearly all radii in
the figure. There is no rotation seen at a significant level in the
NIFS data.

We input 107 LOSVDs in the dynamical models. These
LOSVDs come from 40 spatial bins from the NIFS data, 25 from
the SAURON data, and 42 from the large radial data of Murphy
et al. (2011). The data in Murphy et al. come from the IFU
VIRUS-P, where we have nearly complete angular coverage. The
S/N of those data is very high (50–100 per resolution element).
The solid line in Figure 5 plots the velocity dispersion from
the best-fit dynamical model. The model generates LOSVDs,
and their dispersions come from Gauss–Hermite fits to those
LOSVDs. For the dynamical model dispersions, we average
along angles at a given radius for clarity. In Figure 5, we plot
both the NIFS and VIRUS-P dispersions, which have different
PSFs. The model is convolved to each of the PSFs, and the
plotted dispersions include the convolution.
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Figure 3. Binning scheme in M87 for the NIFS data only. Although this
particular frame does not have data for each bin, the dithered set fills all bins.
Data in the mirror bins around the major axis are added to the bins shown.

Figure 4. Spectra at three different radii. The top is from 0.!!08 < R < 0.!!18, the
middle is from 0.!!18 < R < 0.!!3, and the bottom is from R = 0.!!6. The black
line is the spectrum and the smooth red line is the best-fit template convolved
with the best-fit LOSVD. The dashed lines are those regions excluded from
the fit due to high sky contamination. The spectrum at the top, which comes
from the central region, is not used in the fit due to AGN contamination. The
velocity dispersion obtained from the fits shown in red, from top to bottom, is
480 km s"1, 480 km s"1, and 445 km s"1, and the S/N per pixel in each is 30,
63, and 91.
(A color version of this figure is available in the online journal.)

Figure 5. Velocity dispersion vs. radius for M87. The black points are the
NIFS data. The red points are the VIRUS-P data from Murphy et al. (2011),
and the blue points are from the SAURON data. The multiple points at each
radius represent the various position angles. The solid line is the best-fit model,
convolved to the appropriate PSF. For the dynamical model, we include the
predicted dispersion within 0.!!18.
(A color version of this figure is available in the online journal.)

The technique is described in Gebhardt et al. (2000a) and
Pinkney et al. (2003). The LOSVD is defined in 15 velocity
bins of 260 km s"1. There is a smoothing parameter applied to
the LOSVD, but given the high S/N for most of the spectra,
the smoothing has little effect on the extractions; thus, there is
only a modest correlation between adjacent velocity bins. We
use Monte Carlo simulations to determine the uncertainties in
the LOSVD. The S/N of each spectrum determines the noise to
be used in the Monte Carlo simulations; from 1000 realizations
of each spectrum, we generate an average LOSVD and the 68%
uncertainty.

The dynamical modeling uses the non-parametric LOSVD
directly. However, it is sometimes convenient to express the
LOSVD in a parameterized form as Gauss–Hermite moments,
to show the radial run of the kinematics, and to compare the data
with the models. Table 2 shows the first four Gauss–Hermite
moments for the NIFS data. Figure 5 plots the velocity disper-
sion versus radius, where the dispersion is measured from a
Gauss–Hermite fit to the LOSVDs. Figure 5 plots all of the data
at each radius, and there are between 1 and 10 angular bins at
each radii; thus, there are multiple points at nearly all radii in
the figure. There is no rotation seen at a significant level in the
NIFS data.

We input 107 LOSVDs in the dynamical models. These
LOSVDs come from 40 spatial bins from the NIFS data, 25 from
the SAURON data, and 42 from the large radial data of Murphy
et al. (2011). The data in Murphy et al. come from the IFU
VIRUS-P, where we have nearly complete angular coverage. The
S/N of those data is very high (50–100 per resolution element).
The solid line in Figure 5 plots the velocity dispersion from
the best-fit dynamical model. The model generates LOSVDs,
and their dispersions come from Gauss–Hermite fits to those
LOSVDs. For the dynamical model dispersions, we average
along angles at a given radius for clarity. In Figure 5, we plot
both the NIFS and VIRUS-P dispersions, which have different
PSFs. The model is convolved to each of the PSFs, and the
plotted dispersions include the convolution.
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Continuous family of ground state solutions,  
characterised by one parameter 

Let                 be defined to satisfy                   , vanishing at infinity w/ no nodes.    

  

Other solutions obtained by scaling 

 

3

The parameter � is proportional to the ULDM energy
per unit mass3. Validity of the non-relativistic regime
requires |�| ⌧ 1, and since we are looking for gravita-
tionally bound configurations, � < 0.

Assuming spherical symmetry and defining r = mx,
the SP equations for � and � are given by

@
2
r
(r�) = 2r (�� �)�, (7)

@
2
r
(r�) = r�

2
. (8)

Finding the ground state solution amounts to solving
Eqs. (7-8) subject to �(r ! 0) = const, �(r ! 1) = 0,
with no nodes. Given the initial value of � at r ! 0, the
solution is found for a unique value of �.

It is convenient to first solve Eqs. (7-8) with the initial
condition �(0) = 1. Let us call this auxiliary solution
�1(r), with �1. A numerical calculation gives [4–6]

�1 ⇡ �0.69. (9)

The mass of the �1 soliton is

M1 =
M

2
pl

m

Z 1

0
drr

2
�
2
1(r) (10)

⇡ 2.79⇥ 1012
⇣

m

10�22 eV

⌘�1
M�.

Its core radius, defined as the radius where the mass den-
sity drops by a factor of 2 from its value at the origin,
is

xc1 ⇡ 0.082
⇣

m

10�22 eV

⌘�1
pc. (11)

Other solutions of Eqs. (7-8) can be obtained from
�1(r), �1(r) by a scale transformation. That is, the func-
tions ��(r),��(r), together with the eigenvalue ��, given
by

��(r) = �
2
�1(�r), (12)

��(r) = �
2�1(�r), (13)

�� = �
2
�1, (14)

also satisfy Eqs. (7-8) with correct boundary conditions
for any � > 0. The soliton mass and core radius for ��

are

M� = �M1, (15)

xc� = �
�1

xc1. (16)

A mnemonic for the numerical value of � is given by

� = 3.6⇥ 10�4
⇣

m

10�22 eV

⌘✓
M�

109 M�

◆
. (17)

The core radius can be compared with the particle de
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